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The recent recognition of new types of cell–cell communication pathways challenges classic theories
of cell autonomy. Evidence of functional ‘‘proteome mixing” among interacting cells, particularly
immune cells, supports the notion that no cell is an island, and that even these ‘‘unsplittable” units
are actually non-autonomous. We summarize various mechanisms of intercellular transfer of pro-
teins—trans-endocytosis, trogocytosis, exosomal transport, shuttle through nanotubes, and cell-
contact-dependent intercellular transfer of intracellular proteins including oncogenic Ras. These
phenomena suggest exciting new possibilities for proteome research, focusing on system-level pro-
teomics that characterize cell contents and functions in the context of intercellular protein transfer.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Challenging the concept of cell autonomy
1.1. Are cells the fundamental unit of life?
The transcriptome and proteome of a given cell are regarded as
mirrors of its ‘‘personality”—the multiplicity of transcribed genes
(i.e., mRNA) and the proteins that operate within the cell at a given
moment and dictate its behavior. This stands in contrast to the
‘‘hardware”, namely the DNA sequence, which (aside from epige-
netic modiﬁcations such as its pattern of methylation) is constant
for all body cells. The model derived from these postulations is that
the transcriptome and proteome of a cell is what makes it special—
an individual among all the other 1014 cells that constitute the
human body. Interestingly, a signiﬁcant body of experimental data
that challenge these fundamental paradigms has accumulated over
the past few years, particularly owing to the development of pow-
erful genomics and proteomics technologies that have helped to
determine expression levels in individual populations of cells. Here
we review a series of experiments that reexamine these fundamen-
tal paradigms of a cell’s individuality.chemical Societies. Published by E
green ﬂuorescent protein; IS,
ility complex; NECD, Notch
ain; NK, natural killer; PM,
protein; TCR, T-cell antigenThe cell theory postulates that all organisms are composed of
similar units of organization, namely the cells. The doctrine of dual
cellular identity—that each cell has one identity as a distinct entity
and a second identity as a vital component in the construction of
organisms [1]—was formally articulated in 1839 by Schleiden
and Schwann and remains to this day at the foundation of modern
biology. This reductionistic approach has shaped the prevailing
structural dogma, highlighting the notion of unity across the tree
of life and of organisms being ‘‘republics of living elementary
units” [1].
1.2. No cell is an island
Many of the cellular organelles, speciﬁcally the nucleus, plasma
membrane, and microtubules, as well as the fundamental pro-
cesses of mitosis and cell cycling, were originally discovered in
plant cells [2]. More recent discoveries in plant cell biology pose
a challenge to conventional cell theory [2], which deﬁnes the cell
as the basic unit from which organisms are built. Inconsistently
with this theory, plants contain cell-to-cell channels, termed plas-
modesmata, which physically attach each plant cell to adjacent
cells, allowing proteins and oligonucleotides to be shared [3]. It
thus seems that in plant cells neither structural nor physical auton-
omy is achieved [2].
The concept of cell autonomy is challenged not only by plants.
Multinuclear cells appear in many families of eukaryotic cells
when cells fail to divide after mitosis (‘‘coenocytes”) or become
fused together (‘‘syncytia”) [2]. In effect, in its present form thelsevier B.V. All rights reserved.
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ber of previously free-living cells. Eukaryotic cells are not autono-
mous without the mitochondria and plastids, since they relay on
the functions of these adopted organelles that became crucial for
their survival [2].
Attempts have been made to reconcile cell theory with the cyto-
logical ﬁndings that appear to contradict it. One such attempt has
yielded the ‘‘cell body theory”, which strives to deﬁne a discrete
element within the cell to replace the cell itself as the basic unit
of life in both its prokaryotic and eukaryotic forms [2]. This theory
postulates that the basic unit of eukaryotic life, which is both
autonomous and self-reproducing, is constructed from the nucleus
and its perinuclear microtubules [2].
This new attempt to detect and identify the most fundamental
unit of life emphasizes our attachment to the concept of living
organisms as ‘‘republics of living elementary units” [1], and our
need for reductionistic descriptions. In this review we present a
different perspective, which embraces the notion that even these
‘‘unsplittable” units are in fact non-autonomous and that, as al-
ready suggested 30 years ago, no cell is an island [4].
The ‘‘cell body” theory attempts to confront the cytological
inconsistencies that arose from multinuclear cell cohorts. How-
ever, it does not solve a more elementary aspect of the cell’s lack
of individuality: the fact that the very essence of the cell, namely
its transcriptome and proteome, is continually being shared be-
tween interacting cells.
It is fascinating to note that even after the cell theory, in gen-
eral, was acknowledged by the vast majority of biologists, the ner-
vous system was perceived as a special case. Based on previously
held notions that neurons are connected by ‘‘anastomoses” (direct
fusion) [1,5,6], Gerlach and Golgi claimed that the brain, owing to
its special conﬁguration and purpose, is built like a huge syncytium
and thus represents an exception to cell theory [1]. Later, His de-
duced that the nerve-cell body and its prolongations form an inde-
pendent unit [1]. From that point on the nervous system was
considered, like all other tissues, to be ‘‘a sum of anatomically
and functionally independent cells, which interact by contiguity
rather than by continuity” [1]. The function of the neuronal system,
however, is still believed to be expressed at the level of the system
not of individual cells, although it is clear that brain consists of
independent neurons. Memory, for example, is thought to be con-
tained in the connections between cells (synapses) and in the ac-
tual act of communication [7,8]; thus, it is still considered to be
holistic in its functionality. Aside from the cooperation between
neurons, much evidence has been accumulated regarding the
‘‘holistic” nature of cell–cell communication within other cellular
networks, for example during development and in the activity of
the immune system.Fig. 1. Schematic presentation of Notch trans-endocytosis. (The scheme is based on
Ref. [13].) (i) A ligand presented by one cell binds to Notch expressed on the PM of a
second cell. (ii) Binding of the ligand to the receptor induces clathrin-mediated
trans-endocytosis into the ligand-presenting cell, resulting in mechanical dissoci-
ation of the NECD from the Notch-expressing cell. As a result, the remaining Notch
transmembrane polypeptide in the Notch-expressing cell is exposed to sequential
proteolysis. (iii) The transmembrane polypeptide is ﬁrst cleaved by ADAM and then
by c-secretase, with consequent release of the NICD into the cytoplasm. The NECD,
with its bound ligand, is transferred into endosomes. (iv) Subsequently, the NICD
translocates to the nucleus, where it interacts with the CSL family of transcriptional
regulators and forms part of a Notch target gene-activating complex. The ligand,
after undergoing modiﬁcations, is recycled back to the membrane through
endosomal trafﬁcking. Abbreviations: PM, plasma membrane; NECD, Notch extra-
cellular domain; NICD, Notch intracellular domain.2. Intercellular exchange of proteins
2.1. Trans-endocytosis—the act of uptake is the signal
As a ﬁrst example of intercellular exchange of proteins we dis-
cuss the phenomenon of trans-endocytosis. This mechanism al-
lows integration of neighboring cells that together create a
functional network. Trans-endocytosis, which occurs during devel-
opment and cell-fate determination [9,10], appears to be typical of
processes that challenge the conventional notion of cell autonomy.
A well-characterized example of trans-endocytosis is given by
Notch, a transmembrane receptor that participates in cell differen-
tiation and pattern formation during development [9–11]. In its
inactive state Notch contains separable extracellular and intracel-
lular domains that are linked together by non-covalent bonds
[12,13]. Binding of Notch ligands such as Delta, Serrate, andLag-2 triggers two successive proteolytic cleavages of the receptor
[12,13]. The ﬁrst cleavage is catalyzed by ADAM, a disintegrin and
metalloprotease protein that cuts within the receptor’s extracellu-
lar domain (NECD) [13]. This cleavage promotes cleavage by c-
secretase in the membrane-spanning region of the receptor, there-
by liberating Notch’s intracellular domain (NICD) [13] (see Fig. 1).
The NICD then translocates to the nucleus, where it interacts with
the CSL family of transcriptional regulators and forms part of a
Notch target gene-activating complex [13] (Fig. 1).
Surprisingly, proper activation of Notch in the receptor-bearing
cell was found to be critically dependent on endocytosis of its own
ligand, Delta, by the adjacent cell that expresses and presents Delta
protein [12–14]. This apparently occurs through trans-endocytosis
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Notch-bearing cell, and is then endocytosed by the Delta-present-
ing cell [13] (Fig. 1). Endocytosis-defective Delta proteins evidently
fail to mediate trans-endocytosis of Notch in cultured cells, and ex-
hibit aberrant subcellular trafﬁcking and reduced signaling capac-
ity in Drosophila [15].
The mechanism of Notch trans-endocytosis is not yet clear. Two
types of models have been proposed to explain how Delta endocy-
tosis in one cell might contribute to activation of Notch in the
neighboring cell. The ﬁrst model assumes that Delta endocytosis
facilitates a secondary cleavage event of Notch and the subsequent
removal of the NECD [13]. The second model suggests that Delta
undergoes endocytosis and subsequently recycles back to the sur-
face, after experiencing some sort of modiﬁcation (Fig. 1) that en-
ables it to serve as a more efﬁcient ligand [11]. Both models
therefore consider the process of endocytosis in one cell as the
meaningful step that is required for Notch activation in the other
cell. Thus, it is not signaling by Notch itself in the adopting cell,
but rather its uptake, the act of trans-endocytosis, that constitutes
the signal.
The transfer of a membrane-tethered receptor from one cell to a
neighboring ligand-bearing cell is not unique to Notch. Trans-
endocytosis of BOSS [16] in Drosophila and of sonic hedgehog
[17], ephrins, and EPH receptors in mammalian cells have also
been reported [17]. Thus this family of proteins exhibits a new
form of intercellular movement, in which proteins are transferred
from one cell to the other, demonstrating a dynamic post-transla-
tional mechanism that can regulate the outcome of signaling
events. These discoveries broaden our understanding of cell–cell
communication. Furthermore, the use of proteins captured by
one cell from other cells allows the formation of integrated com-
munities of cells that can better coordinate development and
homeostasis in the multicellular organism. Cells that reside in a
ﬁxed environment within a tissue can thus contribute proteins to
their neighbors and even exchange proteins with them. Even great-
er versatility is provided by populations of constantly moving cells
that exhibit transient interactions, including cells of the immune
system.
2.2. Intercellular transfer of cell-surface molecules: trogocytosis,
exosomes and nanotubes
We mentioned above that the neuronal system is considered to
be holistic in its functionality. The similarities between the neuro-
nal and immune systems are intriguing, given the resemblance of
the mechanisms utilized for cell–cell adhesion between these
two ‘‘kissing cousins”; the neurological synapse that is formed
between neurons and the immunological synapse that is formed
between lymphocytes and their targets [18].
Lymphocytes constantly monitor the organism. They circulate
through the body, interacting transiently with many cell types to
form cell–cell connections that are critical for the immune re-
sponse. The supramolecular structure that forms at the interface
between a lymphocyte and an antigen-presenting cell (APC) has
been termed the immunological synapse (IS), in recognition of its
resemblance to the neuronal synapse [19]. The multistep forma-
tion of the prototypical mature IS between a T cell and an APC gen-
erally requires a cognate antigen-dependent interaction between
the T-cell antigen receptor (TCR) and the major histocompatibility
complex (MHC) presenting a speciﬁc agonistic peptide on the sur-
face of the APC [20]. The process is controlled by the exquisite
speciﬁcity of the individual TCR for a limited set of MHC/peptide
complexes [20]. However, more recent data reveal complexities
suggesting that events are not quite as simple as initially assumed,
in part because among different immune-cell and target-cell types
there are a number of signiﬁcant differences in organization of theIS [21,22]. These data may necessitate a broader deﬁnition of the IS
to include any connection between a lymphocyte and APC or target
cell that involves information transfer. Under this broader deﬁni-
tion there have been reports of antigen-independent cell–cell
interactions, such as: those between certain target cells and non-
cytolytic natural-killer (NK) cells, homotypic interactions between
B cells, and antigen-independent interactions between naïve T cells
and dendritic cells [21,22]. Thus, individual immune cells con-
stantly survey their environment and form tight cell–cell interac-
tions with target cells that may be either dependent or
independent of antigens [20–23].
At the cellular interface where cell-to-cell connections are
formed, structural continuity is established between lymphocytes
and the cell they survey. This structural continuity includes tunnel-
ing nanotubes, gap junctions, ‘‘pores”, and plasma membrane (PM)
bridges [24–27], through which individual immune cells become
physically integrated both in vitro and in vivo [28].
Unexpectedly, the tight contacts that are formed between lym-
phocytes and their targets allow intercellular exchange of mole-
cules bound to the cell surfaces [25,26]. The ﬁrst observation
associated with intercellular transfer of cell-surface proteins was
that MHC molecules can transfer from B cells to T cells [29] (see
Fig. 2i). This was demonstrated in mice that were transplanted
with T cells originating from a genetic MHC background that
differed from that of the host [29–31]. Surprisingly, the trans-
planted T cells were later shown to contain host-type MHC anti-
gens [29–31]. These ﬁndings led the authors to conclude that
MHC molecules can transfer from host B cells to donor T cells
[29–31]. Subsequent experiments showed that the incorporation
of MHC by T cells is antigen speciﬁc [32]. In addition, T cell clones
restricted for MHC-II were shown to ‘‘snatch” MHC-I molecules as
well [33], indicating that both speciﬁc and ‘‘bystander” ligands
were acquired [33–35] (see Fig. 2i). In vivo experiments with bone
marrow chimeras also demonstrated that T cells acquire MHC II
from epithelial cells [36,37]. Although ﬁrst demonstrated for the
MHC molecule, later studies indicated that many cell-surface mol-
ecules are snatched in a similar manner, not only by T cells, but
also by B and NK cells [25]. Different groups have referred to this
phenomenon by different names, using terms such as: absorption,
acquisition, internalization, snatching, stripping, shaving, trapping
or trogocytosis—the last derived from a Greek word meaning ‘‘to
nibble” [25,38–40]. It is not clear whether all these names refer
to an identical or just a very reminiscing phenomenon. Trogocyto-
sis is an active process of transfer of membrane components that
can be triggered speciﬁcally by signals from antigen receptors or
NK-receptors (depending on the lymphocyte type). Nevertheless,
trogocytosis can also occur in the absence of antigen or TCR stim-
ulation [41,42] or can be triggered by co-stimulatory molecules
[43]. Furthermore, trogocytosis has been documented also in
monocytes [44] and DC [45]. It occurs within minutes after cell–
cell conjugation [26] and under certain circumstances is bi-direc-
tional [46]. The process occurs so quickly that it cannot be ex-
plained by simple phagocytosis of apoptotic bodies [26].
Trogocytosis is strictly dependent on cell-to-cell contact, and is
completely inhibited when a semipermeable transwell membrane
separates the lymphocytes and the targets [26,32]. Cell-surface
proteins can be transferred intact into the adopting lymphocyte,
as evidenced by Western-blot identiﬁcation of full-sized target-
cell-derived MHC class I proteins in the adopting T or NK cells
[46,47]. Recent studies demonstrate, moreover, that cell-surface
receptors transferred from B to NK cells assume a normal in/out
transmembrane orientation in the adopting lymphocyte [27,48].
Not all cell-surface proteins are transferred upon cell-contact
formation, as disclosed by analysis of biotinylated surface proteins
tested for their ability to transfer from targets to NK cells [46].
Those experiments demonstrated a positive correlation between
Fig. 2. Trogocytosis, exosomal protein transport, and shuttle of proteins through nanotubes. (i) Tight contact between lymphocytes and their targets allows intercellular
exchange of cell-surface-bound molecules. Some ligands are ‘‘snatched” by speciﬁc receptors, and other, non-speciﬁc ‘‘bystander” ligands and membrane patches can also be
acquired [32]. Trogocytosis is an active transfer that takes place within minutes after formation of cell–cell conjugation [26]. (ii) Exosomes are membrane vesicles formed
frommultivesicular bodies (MVBs) [32]. They are secreted by a variety of cell types and can transfer from one cell to another, carrying proteins and their signals [32]. (iii) Long
membrane nanotubes that extend between neighboring cells promote contact-dependent protein trafﬁc from one cell to another [54]. Nanotubes may also be formed after
cell-cell contact [25,54].
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of lipophilic ﬂuorophores) and distinct surface proteins that local-
ized to these membrane patches [49]. Such studies support the
conclusion that transfer of cell-surface proteins involves more than
simply the uprooting of receptors by their counter ligands [25].
The mechanism of trogocytosis is still not fully understood,
although some experimental results support the notion that the
process in T or NK cells differs from the process in B cells
[50,51]. When a T cell forms an immune synapse with its target,
association between the receptor and its ligand is stabilized by
the cytoskeleton [52,53]. The avidity of the receptor/ligand interac-
tion in this context is probably strong enough for small plasma
membrane fragments to be snatched from one cell to its conju-
gated partner [32]. Trogocytosis in T and NK cells has been shown
to require signaling in the acceptor cell as well as modulation of
the actin cytoskeleton and intracellular Ca2+, indicating that trogo-
cytosis by T and NK cells is a metabolically active phenomenon
[49]. Trogocytosis might also occur through a mechanism of mem-
brane fusion that takes place at immune synapses, through mem-
brane bridges, or through fused membrane protrusion, as indicated
by electron microscopy-based studies [53]. B cells, unlike T and NKcells, were reported to adopt surface molecules by trogocytosis
even after the actin cytoskeleton has been pharmacologically dis-
rupted by latrunculin B, and even at temperatures below room
temperature [50]. In addition, trogocytosis by T cells but not by B
cells require the activity of kinases including Src, Syk, and PI3K
[50]. It thus appears that at least two cell-contact-dependent
mechanisms of trogocytosis operate when immune cells interact
with their targets. One of these transfer mechanisms is typical of
the immune synapses formed by T and NK cells, whereas the other
is typical of the IS initiated by B cells [25,50].
Another mode of cell-contact-dependent protein trafﬁcking
from one immune cell to another is through long membrane nano-
tubes that extend between neighboring cells [54] (Fig. 2). Many cell
types including T, B, NK, macrophages and even PC12 cells [25,54]
can form nanotubes. The functionality of nanotubes is still a matter
of debate. For one thing, they have been shown to mediate intercel-
lular calcium ﬂuxes between dendritic cells [55]. These calcium
ﬂuxes result in phenotypic changes such as lamellipodial spreading
[25,55]. In addition nanotubes can transfer antigens between mye-
loid cells [55]. This communication suggests a functional role for
this unique membrane structure [25,55]. It was suggested that
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the length of their transmembrane domains or on their covalent
association with lipids [25,55]. Interestingly, it appears that nano-
tubular structures are diverse [56]. This diversity has been demon-
strated in macrophages which are capable of creating at least two
distinct classes of nanotubes distinguishable by their cytoskeletal
composition and function [57] (see Fig. 3).
In addition to cell-contact-dependent transfer of cell-surface
molecules, many immune cells, including mast cells [58], dendritic
cells [59], B cells [60], and T cells [35], utilize a different mode of
proteins and RNA transfer [61], namely via the secretion of exo-
somes. Exosomes are membrane vesicles formed from multivesic-
ular bodies [32,35,58–61] (Fig. 2). They are secreted by a variety of
cell types and can transfer from one cell to another even when the
cells are separated by a transwell with a pore size of 100 nm [32].
Engulfment of secreted exosomes by dendritic cells is receptor/li-
gand-speciﬁc and necessitates expression of adhesion molecules
acting as receptors (e.g. LFA-1, ICAM-1 and aVb3 integrin
[62,63]), which bind to various exosome-bound ligands [62,63]. T
cells are capable of acquiring exosomes secreted by APCs; notably,
when the secreted exosomes present speciﬁc MHC-peptide com-
plexes together with costimulatory molecules they are immuno-
genic for CD8+ T cells [32].
The transfer mediated by exosomes or nanotubes is a relatively
slow process, unlike trogocytosis which is very fast [25,26]. It was
shown, for example, that 3% of the non-autonomous cell-surfaceFig. 3. Intercellular transfer of Ras. The intercellular transfer of Ras proteins from
target cells to lymphocytes is a recently described form of cell-to-cell communi-
cation. (i) A target cell expressing active H-Ras, which is predominantly bound to
the inner surface of the PM, is surveyed by a lymphocyte. (ii) The lymphocyte and
the surveyed target cell form a tight contact by means of a process that is
dependent on the actin cytoskeleton. (iii) Upon contact formation the active H-Ras
is transferred from the PM of the donor target cell to the PM of the acceptor
lymphocyte. The acquired H-Ras activates the canonical Raf-Mek-Erk pathway [27].
Abbreviation: PM, plasma membrane.receptors (3000 molecules per cell) transfer via trogocytosis
within 1 h of their co-culturing with immune cells [46], and that
in many cell types trogocytosis can occur within minutes after
co-culturing [25,26]. Theoretically, therefore, the rapid rate of trog-
ocytosis can allow signaling by the acquired receptors in the adopt-
ing cells. In practice, it was shown that receptors transferred from
NK to target B cells are phosphorylated at critical tyrosine residues,
suggesting that cell-surface proteins remain active after their
transfer [46].
2.3. Rapid intracellular and intercellular transfer of the inner plasma
membrane protein Ras
2.3.1. Fast intracellular transfer of Ras on nanoparticles
Given the numerous ways in which the PMs of lymphocytes and
target cells are temporarily integrated, the transfer of extracellular
receptors that protrude from the outer leaﬂet of the PM, as de-
scribed above, is somewhat intuitive. Perhaps less intuitive is the
intercellular transfer of intracellular lipidated proteins, as shown
in our recent experiments [27]. In that study we unraveled a novel
form of intercellular transfer of the strictly intracellular signaling
protein H-Ras [27], a protein that was not thought to shuttle intact
between immune cells. Ras proteins act as GDP/GTP switches
where Ras-GTP activates a multitude of signaling cascades that
regulate cell growth, differentiation, and death [64,65].
The observation of intercellular transfer of Ras was made possi-
ble partly as a consequence of the earlier discovery that H-Ras and
N-Ras isoforms, but not the non-palmitoylated K-Ras traverse the
cytoplasm in an ATP-independent manner on fast, randomly mov-
ing, small cytosolic nanoparticles, which we termed ‘‘rasosomes”
[66–68]. To study the composition and biochemical features of
the rasosomes cells were perforated, allowing rasosomes to diffuse
out of the cells through nanometric holes created in the PM [66–
68].
2.3.2. Fast intercellular transfer of Ras
Our observation that rasosome-associated Ras diffuses out of
artiﬁcially perforated cells [66–68], as described above, led us to
propose that Ras proteins might also ‘‘shuttle” from cells under
physiological conditions in which cells have become perforated.
This might allow Ras proteins to travel from the cell of origin into
neighboring cells. We envisaged rasosomes as acting somewhat
like infective agents, by spreading Ras conveying signals from cell
to cell. To test our hypothesis that Ras can be transferred from cell
to cell we chose the IS as a model, mainly because NK cells and T
cells are known to insert the multi-subunit protein, perforin, into
their targets, thus forming holes in susceptible cells upon IS forma-
tion [27,53]. Accordingly, we set up a system in which T and NK
cells were used as possible acceptors and GFP-H-Ras transfected,
cytolysis-susceptible, 721.221 B cells were used as co-culture part-
ners and possible H-Ras-donors [27].
Our experiments showed that the strictly intracellular protein
GFP-H-Ras was readily acquired by the human T and NK lympho-
cytes from the 721.221 B cells [27]. A control GFP molecule
expressed in control 721.221 B cells did not undergo such cell-
to-cell transfer, excluding the possibility that the transfer was
attributable to phagocytosis or fusion between two cells [27]. Ras
acquisition was found to be correlated with trogocytosis; i.e., T
cells that snatched more surface molecules (e.g. CD86) from the
conjugation-partner B cell also acquired more intracellular Ras
proteins [27]. The transfer of Ras, analogously with trogocytosis
was cell-contact dependent, as shown by its complete inhibition
in transwell experiments, and it required an intact actin cytoskel-
eton [27]. In addition, Ras acquisition was independent of clathrin-
mediated endocytosis [27]. Contrary to our initial hypothesis, how-
ever, non-cytolytic CD4+ T-cell lines and Jurkat T cells acquired H-
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death, indicating that the transfer occurs independently of PM per-
foration [27]. We also found that K-Ras, which is not present on
rasosomes, can also transfer from B cells to T or NK cells, albeit less
abundantly than H-Ras. These ﬁndings strongly suggested that Ras
proteins, particularly H-Ras and N-Ras, can transfer from cell to cell
by means of a cell-contact-dependent mechanism that does not
appear to involve diffusion of rasosomes out of target cells as we
initially envisaged.
In a subsequent set of experiments we showed that transferred
Ras proteins become localized in the membrane of the adopting
lymphocyte in the correct orientation, i.e., in the inner leaﬂet of
the PM [27]. As mentioned above, these latter ﬁndings are in agree-
ment with a report by McCann et al. showing that cell-surface
receptors transferred from 721.221 B-cell targets to NK cells also
assume a normal in/out transmembrane orientation in the adopt-
ing NK cell [27,48]. Our observation that transferred Ras proteins
assume the correct orientation led us to investigate whether the
acquired Ras proteins function properly in the adopting cell, i.e.,
whether they successfully convey their signals. We found that
the oncogenic H-RasG12V acquired by adopting NK and T lympho-
cytes is indeed functionally active inducing phosphorylation of ERK
and increasing interferon-c and tumor necrosis factor-a secretion
[27]. Furthermore, acquisition of active H-Ras enhanced lympho-
cyte proliferation and augmented NK-mediated killing of target
cells [27].
2.3.3. Ignoring cell boundaries: not only Ras
Ras proteins represent the ﬁrst example of non-secreted intra-
cellular PM-bound proteins which, upon cell-to-cell contact, are
transferred from the inner surface of the PM of one cell to the inte-
rior of another cell. We already know that Ras is not alone in this
action and that additional intracellular proteins (Rechavi, Fang,
Goldstein, Foster and Kloog, unpublished data) as well as extracel-
lular transmembranal proteins [25], are transferred between con-
jugated immune cells. We have shown that—like the oncogenic
GFP-H-RasG12V—the wild-type GFP-H-Ras also transfers from cell
to cell [27]. Actually, the double palmitoylated and farnesylated C-
terminal tail of H-Ras is sufﬁcient to drive the intercellular transfer
of GFP (a control GFP molecule is not transferred from cell to cell)
[27]. In preliminary experiments, moreover, we found that during
IS formation the palmitoylated N-Ras protein, as well as the palm-
itoylated Rho-like GTPase Wrch-1, are also transferred (Rechavi,
Cox and Kloog, unpublished data). However, we also observed
the transfer of K-Ras, which is not palmitoylated but is farnesylat-
ed, and—notably—resides almost exclusively in the inner PM
(Rechavi, Goldstein and Kloog, unpublished data).
These ﬁndings, along with the knowledge that extracellular
membrane-bound proteins such as MHC, MICA, CD86, HLA-G,
and many other cell-surface receptors can transfer from cell to cell
by trogocytosis [25], suggests that such transfer is a general phe-
nomenon. Accordingly, we postulate that many types of signaling
proteins, intracellular as well as extracellular, are transferred at
the IS, and possibly also at other specialized ‘‘synapses”, perhaps
even including the classic neuronal synapse.
Synapses may thus facilitate the transfer of a broader range of
proteins than was hitherto recognized. We can expect to gain a
much better understanding of the extent of the intercellular pro-
tein-transfer phenomenon by applying the new proteomic meth-
ods now available. We have embarked on a broad proteomic
analysis of proteins that are transferred from cell to cell. Our pre-
liminary results suggest that the repertoire of such transferred pro-
teins is indeed substantial (Rechavi, Fang, Goldstein, Foster and
Kloog, unpublished data). Appreciation of this novel phenomenon
of widespread ‘‘proteome mixing” among interacting immune cells
is likely to lead to the formulation of many interesting questions.Some examples: is cell-to-cell transfer a property of all proteins
or only of selected protein sets? Is the repertoire of transferred pro-
teins ﬁxed or does it change under different physiological and
pathological conditions? Do the transferred proteins change the
behavior of the adopting cell, and if so, how and to what extent?
What is the precise mechanism of the transfer and of trogocytosis?
Our current proteomic analysis and presumably also studies by
others will certainly help to answer these questions and to charac-
terize the transferred proteins on the basis of common structural
motifs, cellular sublocalizations, molecular functions, and potential
contributions to the process of immunosurveillance.
3. Conclusions
In this review we summarize some of the principal methods,
most of them based on ﬂow cytometry or ﬂuorescence microscopy,
which have helped to characterize intercellular transfer of pro-
teins. Reports of novel phenomena indicating non-autonomous cell
behavior highlight the need to employ high-throughput technolo-
gies to achieve more global characterization of all the proteins that
transfer. A more comprehensive description of the dynamic protein
transfer between immune cells will enable us to better understand
immunity at the level of the system. Once modern proteomic and
genomic technologies become routine laboratory tools, these new
‘‘holistic views” will lead the way, side by side with the more tra-
ditional, cell-centered conceptions.
The results of numerous experiments demonstrating intercellu-
lar transfer of proteins, best characterized up to now in the im-
mune system, have led us to the conclusion that interacting cells
are relatively non-autonomous. Interestingly, what is hard to grasp
when dealing with mammalian cells has already become common
knowledge in connection with plants [3]. In the case of nucleic
acids (RNAs), intercellular transfer is known to occur also in lower
organisms such as bacteria and the nematode Caenorhabditis ele-
gans [69,70]. It is interesting to contemplate the rise of ‘‘ﬂow” biol-
ogy, and in particular how the discoveries of signiﬁcant protein
transfer from cell to cell and of lateral gene transfer are heralding
a paradigm shift away from orthodox cell theory. Transfer of non-
secreted proteins and RNA can be seen as representing a different
reality: a reality of becoming rather than of being. ‘‘Process philos-
ophy” views change as an integral part of reality, because ‘‘reality”
is constantly changing and being is actually becoming [71,72]. This
ontology sees objects as constantly on the move, dynamic, and
multi faceted. Likewise, attempting to depict in high resolution
the full complexity of ‘‘process biology”, for example within the
limited context of information transfer between immune cells, is
indeed a daunting task. Nevertheless, it holds within it the promise
of a better description of reality.Acknowledgments
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